Introduction {#sec1}
============

The implementation of colloidal semiconductor nanocrystals (NCs) into optoelectronic devices is hindered by charge carrier trapping into states within the bandgap, which mainly arise due to dangling orbitals on the surface of these nanocrystals.^[@ref1]−[@ref8]^ The passivation of these dangling orbitals has therefore been an extensive line of research.^[@ref2],[@ref5],[@ref8]−[@ref12]^ Several strategies have been developed to understand and passivate these dangling orbitals, and hence, circumvent the nonradiative recombination pathways associated with them. For example, heteroepitaxial overgrowth of another semiconductor,^[@ref2],[@ref13]^ surface passivation with (in)organic ligands^[@ref10],[@ref14]−[@ref17]^ and filling of trap states by Fermi level tuning^[@ref18]^ have all resulted in an increase in photoluminescence quantum yield (PLQY).^[@ref11],[@ref13],[@ref19]^ Interestingly, trap states are not necessarily detrimental as they can also be useful emissive centers,^[@ref20]^ temporarily store charge carriers for delayed luminescence,^[@ref21]^ or result in optical gain.^[@ref22]^ Therefore, improved understanding of the nature of these surface states will not only enable the rational design of passivation strategies for their removal, but may also offer new pathways to tailor the optoelectronic properties of colloidal nanomaterials.

Recently, DFT calculations have shown that the main contribution to in-gap states in Cd-chalcogenide NCs stems from undercoordinated surface chalcogen atoms (S, Se, Te).^[@ref9]^ Since the valence band (VB) maximum in CdTe NCs is formed predominantly by a linear combination of 5p Te orbitals, undercoordinated Te will result in trap states near the VB edge.^[@ref9]^ The conduction band (CB) is formed by the linear combination of the 5s Cd orbitals, which are less prone to trap state formation near the band edges due to their spherical symmetry.^[@ref9]^ However, the NC surface may be more complex and dynamic, which could give rise to Cd-related defect states.^[@ref17],[@ref23],[@ref24]^ For example, Cd--Cd dimers might form on the surface and the bonding orbital of these dimers could result in states within the bandgap, as has been suggested for Pb--Pb dimers in PbS NCs.^[@ref25]^ In principle, dangling orbitals on the surface can be passivated with (in)organic ligands, which are classified as L-, X-, and Z-type, depending on whether the ligands are two electron donors (L-type), one electron donors (X-type), or neutral two electron acceptors (Z-type).^[@ref10]^ Here, we use different trap state passivation strategies in combination with *in situ* spectroelectrochemistry and *ex situ* elemental analysis to elucidate the trap state distribution, the binding motifs of the passivating species and the effect of passivation of trap states in CdTe NC films.

Spectroelectrochemistry is a powerful tool to study important features of nanomaterials, such as the position of the band edges,^[@ref26]−[@ref28]^ the degeneracy of the energy levels^[@ref29]^ and the distribution of trap states within the bandgap.^[@ref18],[@ref30],[@ref31]^ Since trapping of photogenerated charge carriers results in a decrease in PLQY, we use *in situ* photoluminescence spectroelectrochemistry to study the influence of the passivating ligands on the distribution of trap states. We correlate the observed spectroelectrochemical trends to the binding motifs of the passivating ligands with *ex situ* X-ray Photoelectron Spectroscopy (XPS) measurements, which suggests that X-type passivation leads to a 4-fold increase in PL intensity, whereas Z-type passivation results in almost a 40-fold increase in PL. Furthermore, after surface passivation the maximum number of injected electrons in the 1S~e~ level per nanocrystal increases, which suggests that competing surface redox reactions are slowed down. We hypothesize that X-type passivation with Cl^--^ occurs on Cd-related defect sites, such as Cd--Cd dimers, and Z-type passivation by CdCl~2~ on undercoordinated Te sites. We show that undercoordinated Te surface sites contribute the most to the presence of in-gap states, since proper passivation with Z-type CdCl~2~ ligands results in a drastic PL increase and a decrease of the PL dependence on the applied electrochemical potential. Our results shed light on the nature of surface binding sites in CdTe NCs and on how to passivate them with inorganic ligands.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Oleic acid (OA, 90%), 1-octadecene (ODE, 90%), trioctylphosphine (TOP, 90%), 1,8-octanedithiol (8DT, ≥ 97%), cadmium chloride (CdCl~2~, 99.99%), indium chloride (InCl~3~, ≥ 99.999%), zinc chloride (ZnCl~2~, 99.999%) and lithium perchlorate (LiClO~4~, 99.99%) were purchased from Sigma-Aldrich. Cadmium oxide (CdO, 99.998%) and tellurium (Te, −18 + 60 mesh, 99.999%) were purchased from Alfa Aesar. The indium-doped tin oxide substrates (ITO, film thickness ∼100 nm, *R*~sq~ ≤ 20 Ω/cm^2^) were obtained from PGO Germany. Anhydrous acetone (≥99.8%) was purchased from VWR chemicals. Anhydrous methanol (MeOH, 99.8%), 1-butanol (BuOH, 99.8%), toluene (99.8%), and acetonitrile (99.99%) were all obtained from Sigma-Aldrich. Before use, the OA was degassed at 100 °C for 1 h, and the acetonitrile was dried by an Inert Technology PureSolv Micro Solvent Purification System. All other chemicals were used as-received. Cadmium and tellurium compounds are toxic and carcinogenic and should be handled with care.

Synthesis of CdTe NCs {#sec2.2}
---------------------

The CdTe NCs were synthesized using the method of Kloper et al.^[@ref32]^ For the Cd-precursor, CdO (51.4 mg, 0.4 mmol) was mixed with OA (400 μL) and ODE (20 mL). The Te-precursor was prepared by dissolving elemental Te (51.0 mg, 0.4 mmol) in TOP (1 mL) and diluting the resulting yellow solution with ODE (4 mL). The Cd-precursor was first degassed under vacuum at 100 °C for approximately 1 h. Then, the system was flushed with N~2~ and heated to ca. 280 °C until the red turbid mixture became a transparent colorless solution, indicating the formation of Cd(OA)~2~. Subsequently, the temperature was raised to 310 °C for roughly 30 min. When the first gray precipitate of metallic Cd^0^ was observed, the Te-precursor was swiftly injected. Following the resulting nucleation, the color of the solution quickly changed from yellow to black. The NCs were allowed to grow at 260 °C for 3 min, after which the mixture was quenched with 5 mL ODE. The Cd^0^ was removed from the reaction mixture by centrifugation and decantation. Subsequent washing of the NCs was carried out by precipitating the NCs with a mixture of MeOH and BuOH (NCs:MeOH:BuOH 1:1:1), and centrifugation at 3500 rpm for ca. 3 min. The supernatant was decanted, and the NCs were resuspended in 5 mL toluene. This washing procedure was then repeated once more.

Nanocrystal Film Preparation {#sec2.3}
----------------------------

Nanocrystal films were prepared by dip-coating, using a Nima dipcoater. First, the ITO substrates were dipped for 30 s in a concentrated NC solution (∼10^--4^ M), followed by 30 s in a solution of 8DT in MeOH (0.1 M) and 30 s in MeOH to rinse off excess ligands. Using this procedure, 3--7 layers were applied to the ITO substrate. Roughly a third of the ITO was left uncoated to provide contact with the electrodes during the electrochemical measurements.

Treatment with Metal Chloride Salt Solutions {#sec2.4}
--------------------------------------------

The NC films were passivated by treating them with either CdCl~2~, InCl~3~ or ZnCl~2~ salt solutions in acetone. For that, the films were submersed overnight (∼16 h) in 2 mL of 0.1 M metal chloride salt in acetone solutions at room temperature. Due to the limited solubility of CdCl~2~ in acetone, a saturated solution was used instead (estimated concentration \<5 mM).^[@ref33]^ After the salt treatment, the films were rinsed with MeOH in order to remove unbound metal chloride salt.

Steady State Optical Spectroscopy {#sec2.5}
---------------------------------

The absorbance of CdTe NC solutions and films was recorded on a PerkinElmer Lambda 900 UV/vis/NIR Spectrometer. The PL was measured on an Edinburgh Instruments FLS980 Fluorescence Spectrometer, using a 450 W xenon lamp as the excitation source. PLQY measurements were carried out in the same device, using an integrating sphere. Solutions were measured in closed quartz cuvettes (path length 10 mm). Diluted CdTe NC solutions were prepared by adding 50--100 μL of the crude NC in toluene solution (concentration ∼10^--4^ M) to 3 mL toluene in quartz cuvettes, in order to reach an optical density at the 1S~3/2~1S~e~ transition between 0.1 and 0.5.

Spectroelectrochemistry {#sec2.6}
-----------------------

Spectroelectrochemical experiments were carried out in a glovebox under N~2~. The setup consisted of a Ag wire pseudoreference electrode (PRE), a Pt sheet counter electrode (CE) and a CdTe-ITO film as working electrode (WE) in a quartz cell ([Supporting Information](#notes1){ref-type="notes"}, [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf), [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). The Ag wire (−4.90 ± 0.03 vs vacuum) was calibrated with ferrocene/ferrocenium (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)[Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)).^[@ref34]^ All potentials are given with respect to the Ag PRE. The supporting electrolyte consisted of a 0.1 M solution of LiClO~4~ in acetonitrile. The potential was applied with an Autolab PGSTAT302N. Unless otherwise noted, a scan rate of 50 mV/s was used. Changes in absorbance were measured with a DH-2000 halogen lamp as light source, and detected with a USB2000 UV--vis spectrometer. All these components were acquired from Ocean Optics. For PL measurements, the films were excited with a 4.5 mW collimated laser diode from Thorlabs (wavelength 405 nm). The PL was detected with the same UV--vis spectrometer as used for the absorbance. For a schematic of the setup, see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)[Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf).

Analysis of Band Edge Differential Absorption Signal {#sec2.7}
----------------------------------------------------

In order to separate the contributions to the spectroelectrochemical measurements arising from a bleach of the 1S~e~ transition and from a Stark shift, the signal was fitted with a sum of two components:where *F*~Gauss~(λ) is a Gaussian function describing the bleach due to state filling, and *F*~Shift~(λ) describes the Stark shift by a difference between two Gaussians, shifted from each other by λ~Shift~. The fit is performed keeping λ~0~ and σ fixed at the values determined by the fit of a single spectral slice, and letting *A*~Gauss~ and *A*~Shift~ vary. For λ~0~ and σ this choice assumes that the distribution of energies for the bandgap of the NCs does not change along the scan. The value for λ~Shift~ is set to 17 nm, which allowed good agreement of the fitted function with the experimental data. In the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf) we show that a small variation in the choice of λ~Shift~ does not affect the outcome of the fit. The value of *A*~Gauss~ is taken as the effective bleach of the 1S~e~ transition, while *A*~Shift~ is proportional to the amount of trapped charges per NC, as also shown in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf).

Transmission Electron Microscopy (TEM) and Electron Diffraction {#sec2.8}
---------------------------------------------------------------

TEM samples were prepared by drop-casting a dilute solution of CdTe NCs in toluene on a carbon-coated copper TEM grid (400-mesh). TEM images and electron diffraction patterns were measured on a JEOL JEM-3200 FSC cryo-TEM, operating at 300 kV. The selected area electron diffraction (SAED) pattern was radially integrated to obtain the 1D electron diffraction pattern.^[@ref35]^

X-ray Photoelectron Spectroscopy (XPS) {#sec2.9}
--------------------------------------

XPS measurements were conducted on the CdTe-ITO WE described above, before and after the metal chloride salt treatments. Measurements were carried out on a Thermo Fisher K-Alpha spectrometer, using an Al K~α~ source (1486.7 eV). The C 1s peak at 284.8 eV was used as a reference to correct for shifts due to charging. While measuring, the pressure in the analysis chamber was kept below 2 × 10^--7^ mbar.

Results and Discussion {#sec3}
======================

CdTe NC Films {#sec3.1}
-------------

Spherical zinc blende CdTe NCs (native ligands: oleic acid) were obtained with a diameter of 6.0 ± 0.5 nm, as evidenced by Transmission Electron Microscopy (TEM, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and Electron Diffraction (ED, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, c) measurements. Steady state optical measurements revealed sharp absorption features, with the 1S~3/2~1S~e~ absorbance peak centered at 677 nm, and a narrow photoluminescence band centered at 690 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The full-width-half-maximum (fwhm) was established to be 76 meV, and the photoluminescence quantum yield (PLQY) 9% ([SI](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)[Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). These CdTe NCs were dip-coated, with octanedithiol as cross-linking ligands, to form NC films (see [Experimental Section](#sec2){ref-type="other"}), which led to a small red shift of the absorbance (to 679 nm) and PL peaks (to 691 nm, fwhm = 78 meV), as can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d.^[@ref36]^ The PLQY of the films is expected to drop below the value measured in solution due to energy-transfer.^[@ref37]^ These CdTe NC films are further characterized by *in situ* spectroelectrochemistry measurements, before and after treatment with metal chloride salt solutions, as will be described below.

![Structural and optical characterization of CdTe nanocrystals. (a) Transmission Electron Microscopy image, which reveals spherical nanocrystals (NCs) with a diameter of 6.0 ± 0.5 nm. (b) Electron Diffraction pattern of the NCs in panel a. (c) Azimuthal integration of the 2D ED pattern in panel b results in the 1D powder ED pattern, which reveals the zinc blende CdTe crystal structure. The red bars are from reference card 1010536 for zinc blende CdTe. (d) Steady-state UV--vis absorption (solid line) and PL spectra (dashed line) of CdTe NCs in solution (black lines) and in NC films, cross-linked with octanedithiol ligands (red lines).](cm-2018-038937_0001){#fig1}

Electrochemical Trap Filling in CdTe NC Films {#sec3.2}
---------------------------------------------

The CdTe NC films were first analyzed with *in situ* absorbance and photoluminescence spectroelectrochemistry, prior to any passivation treatment ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The potentials displayed are given with respect to a Ag pseudoreference electrode (PRE, −4.90 ± 0.03 V vs vacuum, calibrated with ferrocene/ferrocenium, see [SI Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). Cyclic voltammetry (scan rate 50 mV/s) was used to monitor the current and reversibility of the charge injection. The CV scan was started at −0.5 V (the open-circuit potential, *V*~OC~). Upon scanning to more negative potentials, the negative current increases at an applied potential of −1.4 V, indicating the injection of electrons into the NC film (see [SI Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). When the scan direction is reversed, electrons are withdrawn from the NC film, indicated by the positive measured currents. We observe a clear offset between the first scan of the CV and the subsequent second and third scan (see [SI Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)), which is indicative of trap state filling, as will be discussed in more detail below.

![*In situ* spectroelectrochemistry on dithiol-capped CdTe NC films, prior to salt treatment. (a) 2D differential absorbance as a function of the applied potential for a bare CdTe NC Film. A bleach of the band edge transition is observed at applied potentials below −1.4 V, indicative of electron injection into the CB edge. (b) Smoothed spectral slices at different potentials of the absorbance spectra in (a). The steady state absorbance (*A*~0~) is shown in black at the top. (c) Intensity of the band edge absorption bleach (at 677 nm) as a function of applied potential vs the Stark shift. On the left axis, the differential absorbance (Δ*A*) is divided by the steady state absorbance (*A*~0~) and multiplied by the degeneracy of the CB edge (*g* = 2), which gives the average number of electrons (*N*~1Se~) in the 1S~e~ level. The bleach was corrected for the Stark shift (red line, see also [SI Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). (d) 2D *In situ* PL spectra of the CdTe film as a function of applied potential. An increase in PL is clearly observed (potential range −0.5 to −1.3 V) before the PL band is quenched due to Auger recombination around −1.4 V. (e) Smoothed spectral slices of the PL spectra in (d). The PL first increases due to trap filling (arrow 1) and then decreases due to Auger recombination (arrow 2). The steady state PL spectrum at *V*~oc~ is shown in black at the top. (f) Intensity of the PL as a function of applied potential vs the bleach of the 1S~e~ level. The PL is very reversible and increases first due to trap filling (above −1.4 V), after which it decreases due to efficient Auger recombination (between −1.4 V and −1.7 V, dashed line). Above *V*~oc~ (applied potential \> −0.5 V, dashed line), the PL decreases further due to an increase in electron trap states.](cm-2018-038937_0002){#fig2}

The differential absorbance as a function of applied potential is measured to quantify the charge injection into the CdTe NCs. Around an applied potential of −1.4 V, the 1S~3/2~1S~e~ transition starts to be bleached ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), which is indicative of charge injection into the bottom of the CB, and the bleach increases in intensity at more negative applied potentials until it reaches a maximum at an applied potential of −1.7 V vs Ag PRE ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Further, a sub-bandgap induced absorption feature around 700 nm is observed, which is attributed to a Stark shift,^[@ref38]^ i.e., a change in the energy of the NC absorption feature induced by the presence of neighboring charges. As a result, the 1S~3/2~1S~e~ absorption peak is shifted to the red, resulting in more absorption at longer wavelengths, but less at the original location of the peak. This shift can be due to the presence of 1S~e~ electrons (a trion shift) or electrostatic interactions with localized surface charges. However, as can be seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, b, the amplitude of the bleach is larger than that of the induced absorption, indicating that part of the bleach is also caused by state-filling of the 1S~e~ level.

We separate the Stark shift from the bleach due to state filling by a fit to the signal (see [Experimental Section](#sec2){ref-type="other"}s), from which we deduce the effective bleach Δ*A* due to 1S~e~ level filling ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, and [SI Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). Δ*A* is then converted to an average number of electrons in the 1S~e~ level per NC \< *N*~1Se~*\>* (left axis [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), by dividing it by the steady state absorbance (*A*~0~), taking a degeneracy *g* of 2 electrons for the 1S~e~ level into account: \< *N*~1Se~ ≥ *g*Δ*A*/*A*~0~.^[@ref26],[@ref39]−[@ref41]^ From this analysis it follows that at the most negative applied potential (−1.7 V vs Ag PRE) we inject on average 0.04 electrons/NC in the 1S~e~ level. This possibly indicates that many of the injected electrons get trapped or extracted by the reduction of impurities at the NC surface, and hence do not contribute to the 1S~3/2~1S~e~ bleach. The presence of trapped electrons is also reflected in the hysteresis of the potential dependence of the 1S~3/2~1S~e~ bleach and the Stark shift ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), which shows that the NCs are still charged (giving rise to a Stark shift) whereas no electrons are in the 1S~e~ CB edge. We conclude that the Stark shift in absence of a band edge bleach is caused by electrons that occupy trap states within the bandgap, in line with earlier suggestions that traps can cause significant Stark shifts.^[@ref42],[@ref43]^

Since the PLQY of CdTe NCs depends strongly on the electron occupation of trap states,^[@ref18]^ the *in situ* PL was measured as a function of the applied potential ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) for the same CdTe NC film as described above. When the potential was scanned from −0.5 V (*V*~oc~) to more negative potentials, charge injection into the CB can again be observed below −1.4 V (see CV in [SI Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). At these potentials a clear decrease of the PL is observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e), which we attribute to efficient Auger recombination of trions, as it coincides with the potential where the 1S~3/2~1S~e~ absorption bleach initiates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b). Interestingly, the PL first increases (up to an applied potential of −1.3 V, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f), before Auger recombination quenches it at lower potentials (lower than −1.4 V, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f). This PL increase is in line with our earlier observations^[@ref18]^ and is caused by filling of trap states as the Fermi level is raised, which reduces electron trapping and increases the PLQY ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b). The trapping rates of electrons (Γ~trap,*e*~) and holes (Γ~trap,*h*~) can be described as second order rate equations:

![Charge carrier trapping, transfer and recombination in CdTe nanocrystals. (a) Recombination pathways in CdTe NCs. Photogenerated electrons and holes can recombine radiatively (*k*~rec~), or charge carriers can get trapped (*k*~trap~), which lowers the PLQY. (b) Recombination pathways in CdTe NCs with electrochemically filled trap states. Photogenerated electrons and holes can again recombine radiatively (*k*~rec~), or charge carriers, in this case only holes, can get trapped (*k*~trap,h~). Due to state filling of the CB edge, an additional nonradiative Auger recombination pathway opens up. (c) In unpassivated CdTe nanocrystals, in-gap states due to two coordinated Te (2c Te) and Cd-related defects are present at the NC surface. Charge carriers can transfer to a neighboring NC after thermally activated detrapping of trap states, followed by transfer via the band edges (*k*~transfer~). The thermally activated detrapping is the rate-determining step (RDS). This detrapping slows down electron transfer by several orders of magnitude. The Fermi level (*E*~F~) lies within the distribution of trap states (dashed line). (d) The in-gap states can be filled by raising the Fermi level (*E*~F~, dashed line) above the CB edge, thereby enhancing the charge transfer between NCs and the PLQY.](cm-2018-038937_0003){#fig3}

The fact that trap filling leads to increased PL, shows that the electron capture rate constant *k*~trap,*e*~ is much higher than the hole capture rate constant *k*~trap,*h*~ in CdTe NCs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). We have previously argued that electron trapping is Auger assisted with the photogenerated hole being excited deeper into the valence band levels,^[@ref18]^ and others have seen similar effects for doped NCs^[@ref44]^ and core/shell heterostructures.^[@ref45]^

We note that the change in PL is very reversible ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, f). Furthermore, the PL drops below its initial value when a potential of −0.3 V is applied (i.e., a more positive potential than the *V*~oc~), which can be assigned to an increase in the number of empty electron trap states, which decreases the PLQY because Γ~trap,*e*~ increases. From this, the conclusion is drawn that the Fermi level in CdTe NC films at *V*~oc~ lies within a distribution of trap states ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).

The results of the spectroelectrochemistry measurements were used to construct a model of the electron distribution in the system as a function of the Fermi-level position, depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. From the hysteresis in potential dependence of the 1S~e~ bleach due to state filling and the Stark shift ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), combined with the potential dependence of the PL intensity within the bandgap ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f), we argue that traps within the ensemble of CdTe NCs are quickly filled only when the Fermi level is above the 1S~e~ level. When the Fermi level is within the distribution of trap states, charge transfer between NCs has to be preceded by thermally activated detrapping to the CB ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This thermally activated detrapping (which is the rate-determining step, RDS) slows down electron transfer enormously by several orders of magnitude. If we assume an electron mobility of 10^--2^ cm^2^/(V s) for band edge electrons and thermally activated detrapping from a 0.5 eV deep trap state, then we can estimate that diffusion over the thickness *d* of a 100 nm thick NC film takes For band edge electrons (where the rate of injection is limited by cation diffusion with a diffusion coefficient of ∼10^--7^ cm^2^/s)^[@ref28]^ charge injection over the entire film takes place on a ∼1 ms time scale. So while electron injection/extraction from the conduction band may occur electrochemically reversibly, the filling/emptying of trap states is slow, resulting in the observed strong hysteresis.

This means that raising the Fermi level (*E*~F~) above the trap states is not sufficient to fill all in-gap trap states within the NC film on a reasonable time scale, since the trap state transfer rate is very small and hence, only the first few layers of nanocrystals will have filled in-gap trap states ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This is also reflected in the fact that the Stark shift is negligible before the 1S~e~ CB edge is filled (only the first layer of NCs will have filled traps), but is present even though the band edge is emptied when the scan direction is reversed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Only when *E*~F~ is raised above the CB edge ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), charge carriers will quickly transfer between NCs due to reduced electron trapping in the first NC layer, and as a consequence, in-gap states throughout the entire NC film will be quickly filled due to electron injection, giving rise to a substantial Stark shift ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Raising the Fermi level above the 1S~e~ level also results in CB edge state filling, giving rise to additional nonradiative Auger recombination pathways ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), which eventually competes with the other radiative and nonradiative processes discussed above.

Since the PLQY of bare CdTe NCs in solution is around 9% ([SI Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)), a substantial part of the charge carriers recombine nonradiatively via in-gap trap states ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), which therefore need to be efficiently removed. As mentioned above, these trap states can be filled electrochemically ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, d) or passivated chemically, as we will discuss next.

Metal Chloride Salt Treatments and the Effect on the Steady State Optical Properties {#sec3.3}
------------------------------------------------------------------------------------

We now have a toolset to quantify the effect of trap states by *in situ* spectroelectrochemistry, which we will now discuss for CdTe NCs films that were passivated with various metal chloride salts. The CdTe NC films are placed in metal chloride salt solutions in acetone for ∼16 h (see [Experimental Section](#sec2){ref-type="other"}). This approach differs from previous work that reports solution phase surface passivation on CdTe NCs, since we are dealing with NC films that we do not want to detach from the substrate.^[@ref46]^

First, we analyze the influence of trap state passivation with different metal chloride salt solutions on the optical properties of the CdTe nanocrystal films with steady state absorption and photoluminescence spectroscopy. As can be seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, treatment with CdCl~2~ and ZnCl~2~ did not change the position and width of the band edge absorption. However, treatment with InCl~3~ resulted in a shift of the band edge absorption to a lower wavelength, indicating that the NCs have decreased in size ([SI Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). Since InCl~3~ is a strong Lewis acid, it is suggested that the blue-shift is due to etching of the NCs.^[@ref17],[@ref47]^ There is a dramatic increase in PL intensity (by a factor ∼40) after CdCl~2~ treatment ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). This observation indicates that the PLQY of bare CdTe NCs in a dense NC film cannot exceed 2.5%, and that the PLQY has dropped compared to the value found for NCs in solution (9%, [SI Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)), possibly due to energy transfer.^[@ref37]^ Treatment with ZnCl~2~ also increases the PL intensity, but only by a factor ∼4. Control experiments with acetone only showed small changes in PL intensity compared to the metal chloride salt in acetone solutions ([SI Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). As was also observed in the absorbance measurements, InCl~3~ slightly blue-shifted the position of the PL band, possibly due to etching of the NCs, and the PL intensity has decreased slightly ([SI Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). These results show that treatment with ZnCl~2~ and CdCl~2~ salt solutions is effective in terms of PL enhancement, but the exact binding motif and the effect on the presence of in-gap trap states, remains unclear. Therefore, we perform the same *in situ* absorbance and PL spectroelectrochemistry measurements as discussed above for bare CdTe NC films after the metal chloride salt treatments.

![Influence of surface passivation on steady state absorbance and photoluminescence of CdTe films. (a) Absorbance and (b) photoluminescence (PL) spectra of thiol-capped CdTe NC films before and after treatment with CdCl~2~ and ZnCl~2~ in acetone solutions. The inset shows a zoom of the PL spectra of a bare CdTe NC film, and a film after ZnCl~2~ treatment. The 1S~3/2~1S~e~ absorbance does not shift after metal chloride salt treatment and a small variation in the intensity can be seen (panel a), but a much larger enhancement of the PL intensity after ZnCl~2~ treatment (4-fold enhancement) and after CdCl~2~ treatment (fourtyfold enhancement) were observed (panel b).](cm-2018-038937_0004){#fig4}

In Situ Spectroelectrochemistry on Metal Chloride Treated CdTe Films {#sec3.4}
--------------------------------------------------------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} summarizes the *in situ* spectroelectrochemistry measurements after the CdTe NC films were treated with metal chloride salt solutions. The cyclic voltammograms show charge injection around −1.4 V, comparable to untreated CdTe NC films ([SI Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). As shown above, the PL of bare CdTe NC films depends heavily on the applied potential in the bandgap ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f), indicating the presence of in-gap trap states. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c shows that the PL of ZnCl~2~ treated CdTe films depends only slightly on the applied potential (potential window −0.3 V until −1.4 V vs Ag PRE), although a minor increase in PL intensity is observed before efficient Auger recombination occurs around −1.4 V (vs Ag PRE). Differential absorbance measurements show that the charge injection is very reversible ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). As before, the 1S~e~ bleach was corrected for the Stark shift ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [SI Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)), which again shows hysteresis between the 1S~e~ bleach and the Stark shift, indicative of trap states.

![*In situ* photoluminescence (PL) spectroelectrochemistry on passivated CdTe NC films. (a) 2D *in situ* PL spectra as a function of applied potential for ZnCl~2~ treated CdTe NC films. (b) Intensity of the PL peak (at 690 nm) as a function of applied potential of the spectra in (a) during the first cycle of the CV scan. (c) ⟨N~1Se~⟩ (derived from the absorption bleach at 677 nm, blue line) as a function of applied potential for ZnCl~2~ treated CdTe NC films. The average number of electrons in the band edge is ∼0.05. The bleach is corrected for the Stark shift (light blue line, [SI Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). (d) 2D *in situ* PL spectra as a function of applied potential for CdCl~2~ treated CdTe NC films. (e) Intensity of the PL peak (at 691 nm) as a function of applied potential of the spectra in (d) during the first cycle of the CV scan. (f) ⟨N~1Se~⟩ (derived from the absorption bleach at 677 nm, orange line) as a function of applied potential for CdCl~2~ treated CdTe NC films. The average number of electrons in the band edge is ∼0.12. The bleach is corrected for the Stark shift (light orange line, [SI Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)).](cm-2018-038937_0005){#fig5}

The same *in situ* photoluminescence measurements on CdTe NC films treated with CdCl~2~ in acetone solutions show that the PL of CdCl~2~ treated CdTe NC films is nearly independent of the applied potential within the bandgap (potential window −0.3 V until −1.4 V vs Ag PRE, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f). Furthermore, the PL is almost entirely quenched after charge injection into the CB, since all injected electrons contribute to nonradiative Auger recombination ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e). Again, differential absorbance measurements show that the charge injection is very reversible ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f). The 1S~e~ bleach was corrected for the Stark shift ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f and [SI Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)), showing similar hysteresis between the 1S~e~ bleach and the Stark shift as observed above.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a compares the dependence of the PL intensity on potential for the untreated film and the ZnCl~2~ and CdCl~2~ treated films. In all cases the PL decreases at very negative potentials due to Auger recombination with 1S~e~ electrons. However, the potential dependence in the bandgap due to trap filling is clearly reduced by the surface treatments. The PL increases by a factor of 1.28, 1.18, and 1.02 for bare CdTe films, ZnCl~2~ treated films and CdCl~2~ treated films, respectively, upon the application of a potential, right before the onset of efficient Auger recombination (around −1.4 V vs Ag PRE). The trend of the dependence of the PL intensity on the applied potential is in line with the increase in the steady state PL. Overall, CdCl~2~ treatment results in a drastic enhancement of the PL intensity, and makes the PL less susceptible to the applied potential, suggesting that in-gap states have been effectively removed. These results imply that in-gap states are partially removed upon treatment with ZnCl~2~ and almost completely removed by CdCl~2~.

![Comparison of *in situ* spectroelectrochemistry prior to and after metal chloride salt treatment. (a) Normalized PL intensity (at 691 nm) as a function of applied potential for CdTe NC films prior to (black line) and after metal chloride treatment (blue and red line). The PL drastically increases for untreated CdTe NCs before the band edge is reached when an electrochemical potential is applied (black line), whereas the PL is unaffected by the applied potential after CdCl~2~ treatment (red line). The PL dependence of ZnCl~2~ treated CdTe NC films lies in between. The onset of Auger recombination shifts to less negative potentials after treatment (indicated by the dashed lines). (b) Differential absorbance at the band edge (677 nm) as a function of applied potential for a bare CdTe NC film (black line) and CdTe NC films after ZnCl~2~ (blue line) and CdCl~2~ (red line) treatments. More electrons can be injected into the 1S~e~ level after metal chloride passivation, and the maximum bleach of the 1S~e~ level is not drastically shifted in potential by the treatments.](cm-2018-038937_0006){#fig6}

The variation of the PL intensity as a function of applied potential shows that the onset of Auger recombination shifts to less negative potentials after metal chloride treatment (dashed lines in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). This could indicate that the surface treatment induced a shift of the band edges, as observed for several II--VI nanomaterials,^[@ref24]^ or that the onset of Auger recombination stays constant and the apparent shift is due to the suppression of electrochemical trap filling in the treated NCs. However, limits in the potential range that can be scanned without inducing sample degradation do not allow a proper spectroelectrochemical measurement of the CB position ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).

When we compare the differential absorbance as a function of applied potential for the different CdTe NC films studied here, we find that more electrons per NC can be injected in the 1S~e~ level after metal chloride treatment under otherwise identical conditions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The increase in the maximum number of 1S~e~ electrons correlates with the increase in PL intensity and the disappearance of the PL modulation with potential in the bandgap. We consider that the maximum number of 1S~e~ electrons depends on the rate that they are injected by the potentiostat as well as the rate that they disappear via reactions with, e.g., molecular oxygen or via surface electrochemical reactions. We think that such surface electrochemical reactions likely proceed via trap states, i.e., the first step of the electrochemical reduction of surface Cd^2+^ ions is the capturing of electrons in surface traps. This would suggest that passivating surface traps could reduce the rate at which 1S~e~ electrons disappear from the NCs and hence would increase the maximum steady state occupation of the 1S~e~ levels.

Elemental Analysis of the CdTe Nanocrystal Surface {#sec3.5}
--------------------------------------------------

Although the effect of the salt treatment is clearly observed by steady-state spectroscopy and *in situ* spectroelectrochemistry, the exact mechanism via which the NCs are passivated remains elusive. To investigate the nature of the passivation and the binding motif on the CdTe NC surface, X-ray Photoelectron Spectroscopy (XPS) was used. As can be seen in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the bare CdTe NCs are cation rich with a Cd:Te ratio of 1.35. This is in agreement with the observation that NCs are often metal rich, where negative X-type ligands (e.g., carboxylates)^[@ref16]^ compensate for the excess positive charge of the metal cations.^[@ref10],[@ref17],[@ref24],[@ref48],[@ref49]^

###### Quantification of the XPS Measurements

  sample      cadmium (%)   tellurium (%)   chloride (%)   zinc/indium (%)   Cd:Te
  ----------- ------------- --------------- -------------- ----------------- -------
  bare CdTe   57            43                                               1.35
  CdCl~2~     59            28              12                               2.10
  ZnCl~2~     54            37              9                                1.45
  InCl~3~     42            42              10             6                 0.99

![X-ray Photoelectron Spectroscopy (XPS) measurements. (a) Cd 3d, (b) Te 3d, and (c) Cl 2p XPS spectra of CdTe NC films prior to and after metal chloride treatment. The Cd and Te spectra have been normalized for the peak at a binding energy of around 412 and 583 eV, respectively. All films show the expected Cd and Te signals (slightly shifted with respect to the untreated film, panel a, b), and the metal chloride passivated films show a weak Cl peak (ZnCl~2~, blue line, CdCl~2~, red line), which was not present in the bare CdTe films (black line, panel c). (d) CdTe NCs contain Z- and X-type binding motifs on the surface, due to undercoordinated Te (light blue, Z-type passivation) and Cd-related defects (dark blue, X-type passivation), which therefore require different strategies for the complete passivation of the NC surface.](cm-2018-038937_0007){#fig7}

After treatment with CdCl~2~ and ZnCl~2~, small shifts of the Cd 3d and Te 3d spectra are observed ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, b). Treatment of the NCs with CdCl~2~ gives rise to a Cl signal which was not present for the bare CdTe NCs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). Additionally, the Cd:Te ratio increased to 2.10 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), indicating that more Cd is present with respect to bare CdTe NCs. These results suggest that the NCs are passivated via CdCl~2~ Z-type ligands. We note that the Cd:Te ratio of 2.10 is too high for solely CdCl~2~ passivated NC surfaces, which may indicate that some free CdCl~2~ is present in the film. Treatment of the films with ZnCl~2~ did not drastically alter the Cd:Te ratio (1.45 after treatment vs 1.35 prior to treatment). Interestingly, a clear Cl signal was observed for ZnCl~2~ treated films, but no Zn was detected ([SI Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)). This suggests that treatment with ZnCl~2~ mainly results in X-type passivation by Cl^--^ ligands. Possibly, charge balance is ensured by other reactions at the surface, such as the loss of thiolate ligands. When NCs were treated with InCl~3~, the Cd:Te ratio decreased to 0.99. This suggests that InCl~3~ indeed etches the Cd-rich NCs, by stripping of Cd(OA)~2~ Z-type ligands from the surface, as was suggested above. Furthermore, In is detected with XPS measurements, suggesting that InCl~3~ or other In containing molecular species are adsorbed at the surface ([SI Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)).

These results thus suggest a different type of surface passivation for the different chloride salts investigated here. Contrary to predictions that only undercoordinated Te surface atoms give rise to traps, which can be passivated with Z-type ligands,^[@ref9],[@ref46]^ these results suggest that X-type chloride ions can also passivate part of the traps present on the surface ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d). It seems likely that these chloride ions complex to surface Cd^2+^ ions and in doing so apparently passivate Cd localized trap states. While such traps were not found in recent DFT studies,^[@ref9]^ there could be more complicated Cd localized traps on the surface, not captured by these studies. For instance we can imagine that Cd--Cd dimers form dynamically on the surface and their bonding orbitals could act as traps, similar to suggestions of Pb--Pb dimer formation on the surface of PbS NCs.^[@ref25]^ Complexation of ligands (Cl^--^, but perhaps also L-type ligands such as amines, which have also been shown to enhance the PL QY)^[@ref46]^ to surface Cd ions may prevent the formation of such Cd dimers (see also [SI Discussion S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf)).

The different degree of passivation attained with the three metal chloride salts presented here may be partially explained by their solubility in acetone, which decreases as ZnCl~2~ \> InCl~3~ \> CdCl~2~.^[@ref33]^ Since ZnCl~2~ dissolves very well in acetone, it probably easily dissociates into Zn^2+^ and Cl^--^ ions, so that ZnCl~2~ treatment will mainly passivate traps with X-type Cl^--^ ligands. CdCl~2~, however, barely dissolves in acetone. As it forms complexes like CdCl~4~^2--^ in aqueous solutions, CdCl~2~ in acetone may dissolve more like complexes or molecules than by dissociation into separate ions.^[@ref33]^ This may facilitate its binding as Z-type CdCl~2~ to the NC, thus passivating the majority of the undercoordinated Te traps and hence increasing the PL.

Conclusions {#sec4}
===========

We have studied the effect of metal chloride salt passivation on the presence of in-gap trap states in films of CdTe NCs by *in situ* absorbance and photoluminescence spectroelectrochemistry. Proper passivation of undercoordinated surface Te by Z-type ligands, like CdCl~2~, results in a 40-fold increase in PL intensity. Additionally, surface passivation by these Z-type ligands makes the PL less dependent, or even independent, on the applied potential. Both observations show that the Z-type ligands efficiently passivate the majority of in-gap trap states in CdTe NCs. Treatment with ZnCl~2~ in acetone results in a 4-fold increase in PL intensity, and an intermediate dependence of the PL intensity on the applied potential. Interestingly, we find no evidence of Zn on the CdTe NC films, whereas a clear Cl signal is observed with XPS. It is conjectured that chloride X-type passivation occurs at Cd-related sites at the surface. Our results show a spectroelectrochemical signature of two binding motifs on the surface of CdTe NCs, which can be properly passivated by a combination of X- and Z-type ligands.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.chemmater.8b03893](http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.8b03893).A picture of the electrochemical cell, cyclic voltammograms of ferrocene/ferrocenium, schematic of the photoluminescence setup, photoluminescence quantum yield measurement, cyclic voltammograms prior to and after metal chloride salts treatments, Gaussian fits to Stark shifts, photoluminescence spectra before and after acetone solution treatment, absorption and photoluminescence spectra after InCl~3~ treatment, XPS spectra Zn, XPS spectra In, and Supporting Discussion ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03893/suppl_file/cm8b03893_si_001.pdf))
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